Magnetic resonance imaging was used to measure the hippocampal and amygdalar volumes of 60 chimpanzees (Pan troglodytes). An asymmetry quotient (AQ) was then used to calculate the asymmetry for each of the structures. A one-sample t test indicated that there was a population-level right hemisphere asymmetry for the hippocampus. There was no significant population-level asymmetry for the amygdala. An analysis of variance using sex and rearing history as between-group variables showed no significant main effects or interaction effects on the AQ scores; however, males were more strongly lateralized than females. Several of these findings are consistent with results found in the human literature.
It has been well documented that humans exhibit neuroanatomical asymmetries in cortical and subcortical brain areas (Bradshaw & Rogers, 1993; Corballis, 1992; Hellige, 1993; Toga & Thompson, 2003) . Some have suggested that neuroanatomical and functional asymmetries are unique to humans (Crow, 1998) , but recent studies have shown asymmetries in the brains of nonhuman species (Rogers & Andrew, 2002) . In nonhuman primates, initial reports of asymmetries focused on differences in the shape of the skull (i.e., petalias), with the great apes exhibiting a left occipital, right frontal asymmetry (Holloway & De La Coste-Lareymondie, 1982; Hopkins & Marino, 2000; LeMay, 1976; Pilcher, Hammock, & Hopkins, 2001 ). More recently, in nonhuman primates, measures of neuroanatomical asymmetries from cadaver specimens and magnetic resonance imaging (MRI) have reported left hemisphere biases in the sylvian fissure (Hopkins, Pilcher, & MacGregor, 2000; Yeni-Komshian & Benson, 1976) , planum temporale (Cantalupo, Pilcher, & Hopkins, 2003; Gannon, Holloway, Broadfield, & Braun, 1998; Gilissen, 2001; Hopkins, Marino, Rilling, & MacGregor, 1998) , precentral gyrus , and a portion of the inferior frontal lobe corresponding to a portion of Broca's area (Cantalupo & Hopkins, 2001 ). In addition, the cerebellum of great apes has shown developmental torque, or a change in the direction of asymmetry, along the anterior-posterior axis (Cantalupo, Freeman, & Hopkins, in press ). Developmental torque has also been found in humans, although in a different pattern than is seen in great apes (Snyder, Bilder, Wu, Bogerts, & Lieberman, 1995) .
One aspect of cerebral lateral organization that has not been investigated in great apes is the limbic system, in particular the hippocampus, which has been linked to the formation of memories (Abe, 2001; Cahill & McGaugh, 1998) , and amygdala, which has been shown to play a role in emotions such as fear (Aggleton, 1992 (Aggleton, , 2000 LeDoux, 1993) . Behavioral studies in marmosets (Hook-Costigan & Rogers, 1998) , rhesus monkeys (Hauser, 1993) , and chimpanzees (Fernandez-Carriba, Loeches, Morcillo, & Hopkins, 2002) have revealed left hemiface (right hemisphere) asymmetries in the production of facial expressions. This suggests that aspects of the limbic system may be lateralized to the right hemisphere and possibly linked to asymmetries in the rest of the brain.
Studies in human subjects have indicated that, in most cases, the hippocampus is larger in the right hemisphere (Bilir et al., 1998; Free et al., 1995; Hasboun et al., 1996; Pegues, Rogers, Amend, Vinogradov, & Deicken, 2003; Watson et al., 1992) , although in some cases no asymmetry was reported (Bhatia, Bookheimer, Gaillard, & Theodore, 1993; Reiman et al., 1998; Strakowski et al., 1999) . Asymmetries in the amygdala have been less reliable, with no asymmetry reported by several researchers (Mori et al., 1997; Soininen et al., 1994; Strakowski et al., 1999) , whereas others have reported a larger amygdala in the right hemisphere (Watson et al., 1992) . In light of the evidence of behavioral asymmetries in facial expressions and right hemisphere advantages in visual-spatial discrimination (Hopkins & Morris, 1989) and spatial memory (Hopkins & Washburn, 1994; Jason, Cowey, & Weiskratz, 1984) in nonhuman primates, we hypothesized that right hemisphere asymmetries would be evident in the hippocampus and amygdala.
In addition to the basic descriptive data on asymmetries in the amygdala and hippocampus, we examined the potential influence of sex, rearing history, and age of the subjects on overall volume and asymmetries of these two structures. Studies in the human and nonhuman primate literature have reported conflicting results when looking at the associations between volume and asymmetries of the hippocampus and amygdala, with respect to age and sex. In humans, two studies looking at aging and the volume of the hippocampus found no significant association (Bigler et al., 1997; Sheline, Sanghavi, Mintun, & Gado, 1999) , whereas Scahill et al. (2003) found that the hippocampus decreased in volume with increasing age. In terms of sex differences, two studies reported no difference between males and females in hippocampus and amygdala volumes (rhesus monkeys: Franklin et al., 2000; humans: Gur, Gunning-Dixon, Bilker, & Gur, 2002) . One study found that women have a larger hippocampal volume (Agartz, Momenan, Rawlings, Kerich, & Hommer, 1999; Bigler et al., 1997) , whereas a fourth study found that the amygdala was larger in boys (Durston et al., 2001) . Part of the discrepancy in sex differences may reflect differences in subject characteristics.
Lastly, previous studies in differentially reared monkeys have not found significant differences in the volume of the hippocampus and amygdala (Lyons, Yang, Sawyer-Glover, Moseley, & Schatzberg, 2001; Sanchez, Hearn, Do, Rilling, & Herndon, 1998) . Notwithstanding, rearing history does have a significant influence on laterality in rodents (see Denenberg, 1988) , and we sought to examine whether a similar pattern of results might be evident in chimpanzees.
To test this hypothesis, we obtained MRI scans in a sample of chimpanzees. From the MRI scans, the left and right amygdala and hippocampus were traced and measures of volume and asymmetries were calculated. We also evaluated whether there were significant associations between hippocampal and amygdalar asymmetries and the age, sex, and rearing history of the subjects.
Method
Subjects MRI scans were collected in a sample of 60 chimpanzees (Pan troglodytes), including 32 females and 28 males, ranging in age from 8 to 48 years (M ϭ 22.07, SD ϭ 11.63). All the chimpanzees were members of a captive colony housed at Yerkes National Primate Research Center (YNPRC) in Atlanta, Georgia. Ten apes were wild-caught, 15 were raised by their mothers, and the remaining 35 were human-raised. Fifteen of the brains were scanned post mortem, whereas the other 45 subjects were alive and healthy at the time of the scan. Ages ranged from 11 to 48 years (M ϭ 26.60 years) for the post mortem brains and 8 to 47 years (M ϭ 20.20 years) for the in vivo scans.
MRI Procedure
Subjects were first immobilized by ketamine injection (2-6 mg/kg) and subsequently anesthetized with propofol (10 mg Ϫ1 ⅐ kg Ϫ1 ⅐ hr Ϫ1 ), following standard procedures, at the YNPRC. Subjects were then either transported to the MRI facility at Emory University Hospital or to a portable MRI scanner at YNPRC. The subjects remained anesthetized for the duration of the scans and for the time needed to travel between YNPRC and Emory Hospital (total time ϳ 2 hr) or between their enclosure and the MRI portable scanner (total time ϳ 1 hr). At the MRI facility, the living apes were placed in the scanner chamber in a supine position with their heads fitted inside the human-head coil. The cadaver brains were placed inside the human-knee coil with the dorsal side up. Scan duration ranged between 40 and 80 min as a function of brain size. This project involved the use of two MRI machines (Phillips, Model 51), each with 1.5-Tesla superconducting magnets. For all subjects, T1-weighted images were collected in the transverse plane using a gradient echo protocol (pulse repetition ϭ 19.0 ms, echo time ϭ 8.5 ms, number of signals averaged ϭ 8, matrix ϭ 256 ϫ 256). These scan parameters were developed in previous studies (Hopkins et al., 1998 and provided good resolution of the brain areas of interest to this study. After completing MRI procedures, the subjects were returned to the YNPRC and temporarily housed in a single cage for 6 -12 hr to allow the effects of the anesthesia to wear off, after which they were returned to their home cages. The archived MRI data were stored on optical disks, and the collected images were realigned and sliced into coronal slices with ANALYZE software (Biomedical Imaging Resource; Mayo Foundation, Rochester, MI).
Amygdalar Area
The MRI scans taken of the entire brain were aligned in the sagittal, coronal, and axial planes according to standard anatomical landmarks and cut into 1-mm coronal slices with multiplanar reformatting software (ANALYZE). The regions of interest in each coronal slice were measured (in square millimeters) with a mouse-driven computer-guided area tool available in ANALYZE. The methodology used for identifying the amygdala was adapted from human protocols (Bilir et al., 1998; Brierley, Shaw, & David, 2002) . Coronal slices were used in order to assess the volume of the amygdala. Figure 1a shows a coronal slice that includes the amygdala; Figure 1b shows the same coronal slice with the amygdala outlined at defined boundaries. The anterior border was defined as the slice immediately posterior to where the optic chiasm first appeared continuous. The posterior border and separation of the amygdala from the hippocampus were defined as the slice anterior to where the inferior horn of the lateral ventricle was first visible. In addition, the most anterior slice usually showed at least one cerebral artery. Although the medial border of the amygdala in humans is usually the uncal notch, it was not clear enough in the great ape scans to be used as a landmark. Instead, the medial border included all gray matter in the medial temporal lobe, including the ambient gyrus. The lateral border was defined by the white matter of the temporal stem. The entorhinal sulcus was used as a superior border for the amygdala.
Hippocampal Area
Landmarks used for defining the hippocampus were adapted from protocols used with human subjects (De Bellis et al., 2000; Gosche, Mortimer, Smith, Markesbery, & Snowdon, 2001; Massana et al., 2003 , Pegues et al., 2003 Szabo et al., 2001) . A coronal view of the entire brain was used to measure the volume of the hippocampus. Figure 1c shows a coronal slice that includes the hippocampus; Figure 1d shows the same coronal slice with the hippocampus outlined at defined boundaries. The anterior border of the hippocampus was defined as the first slice in which the inferior horn of the lateral ventricle was visible. The posterior border was the slice anterior to the crus of the fornix. This excluded the isthmus of the cingulate gyrus and the parahippocampal gyrus. The medial border of the hippocampus was defined by white matter represented by the alveus, or the ambient cistern if the alveus could not be seen. The ambient cistern and alveus were often difficult to distinguish from the hippocampus; in these cases, several tactics were used, including enlarging the image of the slice to try and distinguish white matter and comparing anterior and posterior slices to determine whether white matter was present. Laterally, the hippocampal border was the temporal horn of the lateral ventricle. The white matter of the parahippocampal gyrus was used as the inferior border. The choroid fissure was used as the superior border of the hippocampus. The definition of the hippocampus included the cornus ammonis, dentate gyrus, subiculum, subicular complex, and hippocampus proper. The fimbria and alveus were not included in the measurement of the hippocampus. Because the delineation of the amygdala from the hippocampus was only based on the inferior horn of the lateral ventricle, rather than the alveus, some of the amygdala may have been included in hippocampus measurements.
Data Analysis
For each brain area, an asymmetry quotient (AQ) was calculated according to the formula (R Ϫ L) Ϭ [(R ϩ L) ϫ 0.5]. The sign of the resulting value indicated the direction of asymmetry (positive value ϭ right hemisphere bias, negative value ϭ left hemisphere bias). The absolute AQ values (ABS-AQ) reflected the magnitude of asymmetry. The hippocampal volume was calculated by adding the sum of the areas of each of the hippocampal slices in the left hemisphere to the sum of the areas of the hippocampal slices in the right hemisphere. The same procedure was used to calculate the amygdalar volume, using the area for each amygdalar slice. Lastly, the sum of both the left and right amygdala and hippocampus was calculated and an AQ was derived for these values by means of the formula described above.
The interrater reliability of two investigators was examined with the Pearson product moment correlation for the asymmetry of the hippocampus and amygdala on six scans, including two cadaver specimens and four in vivo brain scans. For the amygdala, interrater reliability coefficients 
Results

Population-Level Effects
A preliminary analysis showed no significant difference between cadaver and noncadaver brains; therefore, they were analyzed together. In addition, there was no significant difference between chimpanzees scanned on the portable MRI and those scanned at the MRI facility. For the amygdala, hippocampus, and total area, one-sample t tests were performed to evaluate whether the distributions in AQ scores differed significantly from zero, as would be predicted for a normally or bimodally distributed set of scores. Population-level right hemisphere asymmetries were found for the total region, t(59) ϭ 2.28, p Ͻ .001, and hippocampus, t(59) ϭ 3.63, p Ͻ .001. A borderline significant left hemisphere bias was found for the amygdala, t(59) ϭ 1.86, p Ͻ .07.
Analysis of the categorical data largely confirmed the parametric results. Shown in Figure 1e are the average AQ values for the amygdala and hippocampus along with the standard errors for each structure. The distributions differed significantly from chance for the amygdala, 2 (2, N ϭ 60) ϭ 22.96, p Ͻ .01; hippocampus, 2 (2, N ϭ 64) ϭ 30.90, p Ͻ .001; and total, 2 (2, N ϭ 54) ϭ 9.10, p Ͻ .01. For the total, 2 (1, N ϭ 45) ϭ 6.42, p Ͻ .01, and hippocampus, 2 (1, N ϭ 53) ϭ 13.76, p Ͻ .01, the number of right hemisphere-dominant subjects was significantly higher than the number of left hemisphere-dominant subjects. No significant difference was found in the number of left and right hemispheredominant subjects for the amygdala.
Sex and Rearing Effects on Direction and Strength of Asymmetry
For this analysis, the AQ and ABS-AQ scores for each brain region served as dependent measures. Sex (male, female) and rearing history (wild-caught, mother-reared, human-reared) served as between-group variables in a factorial analysis of variance. In terms of the AQ scores, no significant main effects or interactions were found. For the ABS-AQ scores, there was a significant effect of sex on the total score F(1, 54) ϭ 5.49, p Ͻ .01. Males (M ϭ .110) were more lateralized than females (M ϭ .058).
Intercorrelations Among Measures
The AQ scores for the amygdala and hippocampus did not significantly correlate, but the ABS-AQ scores for these two areas did significantly positively correlate, r(51) ϭ .38, p Ͻ .01. Thus, subjects with larger hippocampus asymmetries similarly had larger asymmetries in the amygdala.
Amygdala and Hippocampus Volume
Shown in Table 1 are the mean volumes for the hippocampus, amygdala, and whole brain for the chimpanzee sample. A mixed model analysis of covariance was performed, with amygdala volume and hippocampus volume serving as the dependent measures. Sex and rearing history served as the between-group variables, and brain volume served as the covariate. No significant main effects or interactions were found. We also performed a partial correlation coefficient between age and the amygdala and hippocampus volumes, with brain volume serving as a covariate. No significant associations were found.
Discussion
The results of this study are relatively straightforward. Chimpanzees showed a rightward asymmetry in the hippocampus, but no population-level bias for the amygdala. Rearing history of the subjects did not have a significant effect on the direction and strength of asymmetries or the overall volumes of the hippocampus and amygdala. Sex did have a significant effect on the strength of asymmetries, but not the direction or overall volumes of the hippocampus and amygdala.
The evidence of right-sided asymmetries in the hippocampus is consistent with the bulk of findings in human subjects (Agartz et al., 1999; Bigler et al., 1997; Bilir et al., 1998; Free et al., 1995; Hasboun et al., 1996; Pegues et al., 2003; Sullivan, Marsh, Mathalon, Lim, & Pfefferbaum, 1995; Watson et al., 1992) . Similarly, the lack of population-level asymmetries in the amygdala for the chimpanzees is consistent with the general findings in human subjects based on meta-analyses (Mori et al., 1997; Soininen et al., 1994; Strakowski et al., 1999; Watson et al., 1992) . Thus, our overall results in chimpanzees parallel the general findings of asymmetries in the limbic system of humans, which suggests homology in structural asymmetries at both the cortical and subcortical level.
Although several studies have looked at hippocampal and amygdalar volumes with regard to sex effects (Agartz et al., 1999; Bigler et al., 1997; Durston et al., 2001; Franklin et al., 2000; Gur et al., 2002; Szabo et al., 2001) , only one, to our knowledge, has studied sex effects with regard to hippocampal and amygdalar asymmetries. The previous study examining sex differences in hippocampus and amygdalar asymmetries found that males have a larger hippocampal asymmetry in the right hemisphere compared to females, whereas our results showed that males are more lateralized than females, but the asymmetry is not directional (Narr et al., 2001 ). Both our study and Narr et al. found that neither males nor females have a larger amygdalar asymmetry compared to the other sex. With respect to rearing effects, our findings are consistent with two previous studies in monkeys. In those studies, early life stress from either disrupted maternal care (Lyons et al., 2001) or human rather than conspecific rearing (Sanchez et al., 1998) was not found to correlate with hippocampal volumes. The previous studies in monkeys did not evaluate asymmetries in either the amygdala or hippocampus; thus, it is not clear whether species differences might be evident in terms of the effect of rearing on limbic system asymmetry.
As has been reported in studies of human MRI scans (Bilir et al., 1998; Brierley et al., 2002; Free et al., 1995; Gosche et al., 2001; Jack, Theodore, Cook, & McCarthy, 1995; Mayhew, 1992; Pruessner et al., 2000) , delineating the amygdala and hippocampus from in vivo images was difficult in the ape brains because of variability in the structures used to define the regions and the lack of good resolution of these landmark areas using MRI. This is partially reflected in the lower interrater reliabilities reported here compared to measurements of other, more easily defined brain regions (e.g., Hopkins et al., 1998) . One explanation for why an asymmetry was found for the hippocampus and not for the amygdala could be the lower interrater reliability for the amygdala. However, the results from the interrater correlation coefficients indicate that both raters found no asymmetry for the amygdala. It is possible that using a much longer scanning protocol could improve image quality, but, pragmatically, this presents some problems with apes because they are anesthetized for the procedure, and maintaining them in this state for longer periods of time increases the risk of injury.
In summary, these results suggest that the patterns seen in human volumetric MRI and asymmetry studies with the hippocampus and amygdala are, for the most part, also seen in the limbic system of chimpanzees. This includes a larger right compared to left hippocampal asymmetry, as well as no significant amygdalar asymmetry. These findings contribute to the increasing number of subcortical structures that have been found to show similar asymmetries in both humans and chimpanzees. Comparisons between cortical and subcortical structures that may be interconnected in the chimpanzee brain could be the focus of further studies using MRI technology to study comparative neuroanatomy. Moreover, functional correlates of asymmetries in the amygdala and hippocampus would be of comparative interest as a means of evaluating the evolution of the limbic system in relation to the behavior of primates, including humans.
